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Abstract 
An improved tool for the shape qualification of parabolic trough mirror modules used in concentrated solar power 
plants was developed. The tool is based on the fringe reflection theory, in which sinusoidal fringe patterns are 
projected on a screen and their reflection over a specular surface is recorded by a camera. The observed distortions in 
the image are related directly to surface deviations from ideal geometry. Relevant aspects of the technique are its high 
spatial resolution (more than 1 million points per facet), short measurement time and easy setup. The so called 
FOCuS tool is capable of calculating the mirror slope deviations from its ideal design and the RMS value as a quality 
factor. Furthermore, the tool generates a file which can be loaded on CENER'S TONATIUH ray tracing software, 
through a specially developed plug-in, for mirror modeling and intercept factor calculation with several tube absorber 
geometries. 
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1. Introduction 
Optical quality of the solar collectors is a key subject in Concentrating Solar Power (CSP) plants 
because it affects directly thermal efficiency and plant performance, due to the accuracy with which 
mirror modules concentrate the incoming rays. Considering that the CSP market has experienced a 
continuous growth on installed capacity all over the world (reaching more than 2 GW capacity by 2013 
and with another 10 GW in the construction and planning phases for the next years), this leads to 
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thousands of solar concentrators that have been installed and continue operating regardless of the lack of 
information about its shape and quality. 
A variety of techniques for surface characterization of solar collectors have been proposed by different 
researchers throughout the years. However, current surface qualification techniques do not provide a 
straightforward solution to the needs of the CSP industry, as complex arrangements and long 
measurement times are required for their implementation. Moreover, these techniques generally offer 
limited spatial resolution. These techniques are usually applied to provide details of the surface slope 
errors as a way to know the deviation of the reflective components from an ideal surface (RMS). 
Particularly, laser beam scanning methods like the so called V-SHOT [1], were developed for local 
slope measurements. Although this method provides high resolution data, the implementation to large 
surfaces might result difficult and time consuming. Photogrammetry [2] measures local shape deviations 
by covering the surface under test with a large number of target points. These marks are used as surface 
measurement points and provide the spatial coordinates of the object. This method is also time consuming 
and may not be appropriate for large evaluation surfaces. Recently, there has been particular interest in 
the development of a new approach based on fringe reflection (or deflectometry). The measurement 
principle is widely used for 3D surface reconstruction and qualification of specular surfaces (CAD design, 
car bodies, wind shields, etc.). This method uses known regular sinusoidal patterns whose reflection in the 
surface is acquired by a camera. The deformations of the original fringe pattern are used to evaluate the 
local slopes of the mirror. Particularly, Ulmer et al. [3-4] have developed the technique for heliostat 
evaluation and mirror modules qualification. Andraka et al. [5-6], through its SOFAST tool, has also 
made progresses in the implementation of this technique. Their approach is reported for point-focus 
concentrators.   
 
Fig. 1. Fringe Technique test arrangement (Screen, Projector, Camera, Facet, Processing Unit). 
 
The FOCuS tool (Fringe Optical Characterization of Surfaces) is being developed as a collaboration by 
CENER (Centro Nacional de Energías Renovables de España) and UNAM (Universidad Nacional 
Autónoma de México) to improve the qualification of industrial solar mirrors production and operating 
solar collectors in CSP plants. Our method uses a similar approach to the fringe reflection from the 
references above, except that we provide mathematical model variations for phase unwrapping and phase-
to-slope transformation. Furthermore, we use a novel phase retrieval technique for solar collectors called 
Direct Phase Detection (DPD). This technique simplifies the pattern image acquisition and reduces the 
number of images needed to perform the analysis (commonly between 4 and 16 for each coordinate axis 
in other implementations). Additional advantages include the reduction of possible sources of error and 
the decrease in measurement time required for the test [7]. By changing the phase retrieval mathematical 
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model and using spatial phase unwrapping algorithms it can be shown that the new model is capable of 
providing results similar to other approaches [8]. 
 
Nomenclature 
ܫ intensity fringe pattern  
ܽ  background illumination 
ܾ amplitude modulation of the fringes 
݂ spatial frequency of the fringes 
଴ܲ fringe spatial period 
ܵ sensitivity geometrical factor 
ܵܦ slope deviation 
ܫܨ intercept factor 
ܼ surface shape 
ߙ angle of vision of the camera 
߮  surface phase 
߮௪ wrapped surface phase 
Ȳ unwrapped surface phase 
 
2. Theoretical method 
Fringe reflection is a methodology derived from the Interferometry theory [9], where pattern gratings 
are projected on a surface and the distortion produced by the surface itself is compared to an initial flat 
reference pattern.  
In the fringe reflection test, fringe patterns are projected or printed on a screen target, as previously 
explained (Fig. 1). Then, the mirror is oriented in such a way as to reflect the image of the target and the 
projected fringes towards a camera located perpendicular to the aperture area of the facet, parallel to the 
screen.  
Horizontal sinusoidal patterns are projected to map the Y direction of the facet and vertical patterns are 
projected to map the X direction. Mathematically these patterns are expressed by: 
 
ܫ ൌ ܽ ൅ ܾܿ݋ݏሾʹߨ݂ݔ ൅ ߮ሿ        (1) 
 
Due to the slope mirror imperfections, the reflected fringes are shown distorted on the image captured 
by the camera. A map of local slope deviations from its ideal optical design can then be extracted from 
these images. 
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2.1. Direct Phase Detection 
The Direct Phase Detection (DPD) technique adopts methods from signal processing theory. These 
methods are commonly used to demodulate FM radio signals and are applied to analyze fringe patterns 
[10]. The main idea of DPD is to use a suitable filter design to remove the existing unknown variables in 
the intensity of a fringe pattern (Eq. (2)) in order to obtain the surface phase map of interest ሺݔǡ ݕሻ . 
Based on Equation (1), the intensity profile of the reflected fringe pattern is given now by: 
 
ܫሺݔǡ ݕሻ ൌ ܽሺݔǡ ݕሻ ൅ ܾሺݔǡ ݕሻܿ݋ݏሾʹߨ݂ݔ ൅ ߮ሺݔǡ ݕሻሿ       (2) 
 
Where ܽሺݔǡ ݕሻ , ܾሺݔǡ ݕሻ  and ߮ሺݔǡ ݕሻ  are functions that represent the distortion of the pattern as a 
function of the image coordinates ሺݔǡ ݕሻ. In particular, the phase  ߮ሺݔǡ ݕሻ contains the surface information 
of the reflecting facet in terms of angular distortion. This phase does not depend linearly on the x 
coordinate, as the original projected patterns did, but the functional relationship is arbitrary instead.  
In order to retrieve the phase information from the image taken and described by the Eq. 2, the image 
is virtually split into two and a set of frequency filters and multipliers carefully designed is applied (Fig. 
2) [10]. The surface phase map can now be extracted from the two resulting images ܲሺݔǡ ݕሻ and ܳሺݔǡ ݕሻ 
in the following manner: 
 
   ܹሾȲሺǡ ሻሿ ൌ ݐܽ݊ିଵ ቂ௉ሺ௫ǡ௬ሻொሺ௫ǡ௬ሻቃ ൌ ɔ௪ሺݔǡ ݕሻ       (3) 
 
Where 
 
   
ܲሺݔǡ ݕሻ ൌ ௕ሺ௫ǡ௬ሻଶ ൫߮ሺݔǡ ݕሻ൯
ܳሺݔǡ ݕሻ ൌ ௕ሺ௫ǡ௬ሻଶ ൫߮ሺݔǡ ݕሻ൯
        (4) 
 
Due to the nature of the tangent function, the value of ɔ௪ሺݔǡ ݕሻ is limited to the range from ൣȂ ߨǡ ߨ൧. 
Such kind of phase representation is called a “wrapped” phase distribution, where artificial phase jumps 
are introduced due to the periodicity of this function. To extract the phase correctly it is necessary to 
perform an operation called “phase unwrapping”, in which numerical algorithms are needed to remove 
the ʹߨ phase jumps in order to create a continuous and smooth phase map image. 
 
 
Fig. 2. A Flowchart of the DPD process, Band Pass Filter (BPF), Low Pass Filter (LPF). 
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2.2. Phase Unwrapping 
A certain number of phase unwrapping techniques have been developed [11]. Most of the phase 
unwrapping algorithms implemented so far for solar applications are in the group of temporal phase 
unwrapping, which leads to take up to 12 or 16 images for each coordinate in evaluation [12]. To avoid 
this peculiarity of the technique and use only the single image originally taken, a quality-guide path 
method [13] is applied in this work. The use of a single image is very advantageous when fringe 
reflection methods are applied outdoors, to evaluate mirrors already installed in a plant; as solar 
concentrator structures are deformed subject to changing wind loads, taking several consecutive images 
may induce to errors in phase determination, through the appearance of artificial phase shifts [8].  
The phase unwrapping algorithm based on sorting by reliability falls into the category of the quality-
guide path method. The main idea of the algorithm is the use of a quality map consisting of an array of 
values that define the quality or goodness of each phase value. For this, there are two main issues to 
consider: the choice of the reliability function and the design of the unwrapping path. In particular, in the 
present work, the reliability function is based on the RMS difference between a pixel and its neighbors, as 
it provides a better detection of possible inconsistencies in the phase map than the usual criteria based on 
gradients [14]. 
 
2.3. Phase-to-Slope Model 
Once the true phase map is retrievedߖሺݔǡ ݕሻ, a phase-to-slope model is required in order to convert the 
phase map info into a surface shape [16]. The phase map, which carries the angular information of the 
distortion, is directly related to the surface shape by means of the equation: 
 
ܼ ൌ అሺ௫ǡ௬ሻଶగ
௉௢
௦௜௡ఈ ܵ           (8) 
The ideal design of the facet is determined by the nominal factory focus length (F). Its geometry is 
described by the parabolic equation: 
 
ܼ ൌ ܣݔଶ ൅ ܤݔ ൅ ܥݕ ൅ ܦ        (9) 
 
The A term in the equation represents the curvature ratio of the parabola (1/4F) and the remaining 
terms the position and orientation of the facet. For the correct use of the equation, previous information of 
the facet dimensions and corresponding location on the segment of the full parabolic design (Parabolic 
Trough) has to be known.  
A surface fit from measured surface to ideal design is done via least squares approach. The A term is 
left fixed and the remaining terms are adjusted in an iterative process to find the best solution (95% 
confidence bounds). Once this is done, the derivative forms obtained from the measured and ideal 
equations are used to calculate the slope deviation map (SD) in accordance with the equation: 
 
ܵܦ௫ǡ௬ǡ௟௢௖௔௟ ൌ ቀ ௗௗሺ௫ǡ௬ሻ ݖቁ௠௘௔௦ െ ቀ
ௗ
ௗሺ௫ǡ௬ሻ ݖቁ௜ௗ௘௔௟        (10) 
As a valuable parameter and quality factor, the RMS value is calculated over the whole facet by: 
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ܵܦ௫ǡ௬ǡ௥௠௦ ൌ ඨ
׭൤ቀ ೏೏ሺೣǡ೤ሻ௭ቁ೘೐ೌೞିቀ
೏
೏ሺೣǡ೤ሻ௭ቁ೔೏೐ೌ೗൨
మ
ௗ௫ௗ௬
஺       (11) 
2.4. Ray Tracing  
Once the surface normal vectors are calculated from the slope deviation maps, this information has 
been used to carry out a simulation of the optical behavior of the facet with the TONATIUH ray tracing 
software [17]. This software is an open source ray tracer developed by CENER, which has the advantage 
of being flexible and easy to implement. As there is no available ray tracing software currently that allows 
the use of slope deviation points as inputs for modeling a surface, a specific development to include this 
feature has been carried out for this purpose to be used in TONATIUH. The software has the advantage of 
being an open source, flexible and easy to implement. This specifically developed plug-in loads the slope 
data matrix and reconstructs the surface geometry of the facet with finite elements. It assigns each normal 
vector (slope deviation) to each surface element created and positions the facet in the corresponding 
location of the parabolic trough design. The tube is placed at its theoretical position as a second 
component of the simulated scenario, according to the design of a parabolic trough collector. The 
dimensions chosen for the tube are from standard plant layout.  
The developed script automates all the process and generates a matrix with the photons that come out 
from the sun, reach the facet and intercept the tube receiver. The software launches more than 1 million 
rays and calculates the intercept factor (IF70) in a tubular receiver of 70 mm as a value of quality and 
percentage. 
 
ܫܨ͹Ͳ ൌ ோ௔௬௦೚೙೑ೌ೎೐೟ோ௔௬௦೚೙೟ೠ್೐ ൈ ͳͲͲ         (12) 
3. Experimental methodology 
The experimental set-up used for the fringe analysis consist of a video projector of 1100 lumen, a 
reflex camera of 2784 x 1856 pixels, with an automatic shutter, a 3.40 x 1.70 m screen specially built with 
a Lambertian coat. This experimental arrangement is shown in Figs. 1 and 5. 
 
   
Fig. 5. Experimental arrangement for Lab Fringe Reflection Test. 
 
The facet and the screen are positioned opposite to each other and squared with a long tape measure. 
The camera is located at the center of the screen with the optical axis perpendicular to the facet. The test 
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is carried out at a distance equal to 2f (focal length 1710 mm) and a 90 degrees angle, considering as 0 
degree reference the position when the normal of the aperture area of the mirror coincides with the zenith. 
The arrangement can be easily positioned at various distances and angles for further analysis.  
Two facets were chosen to be included in the analysis for being representative enough for the fringe 
reflection technique: the inner facet, corresponding to the closest facet to the tube (1700 x 1630 mm), and 
the outer facet, corresponding to the farthest facet to the tube receiver (1700 x 1500 mm). If we position 
the receiver tube as the center of the reference system, these facets belong to the left side (negative axis) 
of the parabola.  
3.1. System Calibration 
Several components of the FOCuS tool need to be calibrated before applying the phase retrieval 
theory. Camera calibration is well understood and documented [15]. Basically, the calibration process 
generates a model of the camera geometry and the lens distortion. Lens aberration and perspective 
rectification are corrected when obtaining the intrinsic and extrinsic parameters of the camera respectively 
by the calibration process. 
Calibrations taken into account in the tool include experimental tests to the lens aperture and camera 
sensor response: 
x Full saturation of white intensity in sensor (0-255 gray levels). 
x Shutter speed range. 
x Non-linearity of the camera and projector (when used) by gamma encoding. 
x Background lighting. 
x Non-active regions masking. 
x Median filtering (Salt & Pepper noise filter). 
4. Results and Discussion 
In this section, some of the generated results are presented. In table I, a chart showing the calculated 
statistic values from the test of the inner facet is detailed. In particular, the slope mean values in both 
directions (mrad), the RMS value of the slope deviation (mrad), and the percentage of rays that hit the 
tube after being reflected in the facet (intercept factor), which is called IF70 (%).The data sheet presented 
in this section represents the output file of the FOCuS tool. The table of values is obtained at the end of 
the analysis and corresponds to statistical calculations made by Equations 10-12 respectively. 
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Table I. FOCuS evaluation summary for the inner facet 
Measurement Information 
Value Description Measurement 
SDx Slope Deviation in 
x-direction (RMS) 
3.93 mrad േͲǤͷͲ݉ݎܽ݀ 
SDy Slope Deviation in 
y-direction (RMS) 
2.76 mrad േͲǤͷͲ݉ݎܽ݀ 
IF70 Intercept on tube 
of 70 mm (mean) 
99.15 % 
 
 
Fig. 6. Results from FOCuS tool and TONATIUH ray tracer for the inner facet. 
 
The first two images (Fig. 6) are photographs of the inner facet during the fringe reflection test. Each 
of the images correspond to the evaluation of the mirror in one direction (vertical fringes are used to 
evaluate the concentration direction and horizontal fringes for the non-concentration direction). Marks 
('+') correspond to the location of the screws used for frame fastening. It can be easily seen the 
considerable distortion present in the concentration direction and, in much lesser degree, in the non-
concentration direction. Although the distortion can be related to the direction of concentration, this might 
not be the only reason (as it can be noticed in the next facet in Figure 9) but also the manufacturing 
process; the segment location of the parabola (more curved zone) and the weight of the facet itself (which 
induce deformation that depends on the angle the facet is held by the supporting structure), contribute in a 
greater extent. 
The second set of images (Fig. 6) represents the slope deviation map in both directions. The blue and 
red colors in the maps represent the largest deviation from ideal mirror design in terms of slope. Also, it 
can be seen how the supporting screws produce noticeable tension in the facet (thus, larger deviation), 
due to the effect of gravity. 
The third image (Fig. 6) shows the local intercept factor map, expressed as percentage of intercepted 
rays in the absorber tube. Consistent with the slope deviation map, the locations where the intercept factor 
decreases considerably are the supporting screws and the rim of the facet.  
A similar analysis has been carried out for the outer facet. In the fringe test images (Fig. 7), the lack of 
considerable distortion can be noticed. However in the concentration direction, a small amount of 
deformation can be observed near the supporting points. The non-concentration direction is relatively flat, 
as seen from the very straight fringes in the image. 
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Table II. FOCuS evaluation summary for the outer facet 
Measurement Information 
Value Description Measurement 
SDx Slope Deviation in 
x-direction (RMS) 
0.90 mrad േͲǤͷͲ݉ݎܽ݀ 
SDy Slope Deviation in 
y-direction (RMS) 
0.51 mrad േͲǤͷͲ݉ݎܽ݀ 
IF70 Intercept on tube 
of 70 mm (mean) 
100.00 % 
  
Fig. 7. Results from FOCuS tool and TONATIUH ray tracer for the outer facet. 
5. Conclusions 
The described test is suitable for qualification of production lines and mirror design. The set-up is 
simple and easy to implement. The evaluation system has proven to be lightweight, portable and 
inexpensive. Solar power plants can also be benefited by the use of this technique by avoiding the use of 
complex arrangement and sophisticated equipment. Furthermore, the developed tool has proved to get 
effectively a detail map of the local slope deviation for every pixel of the analyzed surface. The resolution 
of the technique obtains a fairly detailed map of the surface allowing to identify not only the mean 
deviation from ideal design, but local faulty areas.  
The mathematical variations used in the FOCuS tool allows to have a much simpler arrangement and 
the same robustness than previous versions implemented of fringe reflection techniques for solar 
collectors evaluation. The use of the DPD technique and the spatial unwrapping algorithm in the tool 
allows obtaining successfully the true phase map without adding any extra pattern image. This is an 
important achievement because the use of large number of fringes patterns may cause additional errors of 
different nature. Open test fields are exposed to changing wind conditions and ground roughness. This 
instability introduces errors in the measurement, and in the event that more images are required to be 
taken, the more likely that the effect of external conditions alter the results.  
The use of the ray tracing software TONATIUH for surface modeling proved to be successful. The 
developed plug-in works effectively loading the data generated by the tool and modeling the surface. 
Multiple geometries of the tube receiver and solar distributions can be easily used in the ray tracing 
evaluation, allowing testing the same sample in various environments.  
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The combined use of both tools makes it possible to obtain valuable statistical information that is 
compared with standard values for mirror qualification. 
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